The results of detailed numerical simulation of the flow in an injector including electrohydrodynamic interaction in sharply inhomogeneous electric field formed by electrode system closed to the needle-plane type are presented. The aim of the simulation is to estimate the charge rate flow at the fuel injector outlet. The results were obtained using the open-source package OpenFOAM in which the corresponding models of electrohydrodynamics were added. The parametric calculations were performed for axisymmetric model using RANS k − ω SST turbulence model. Due to swirl device in fuel injector the flow is strongly swirling. To obtain parameters for axisymmetric flow calculations the 3D simulation was performed for the simplified injector model including swirl device and without electrodes.
Introduction
Applying electric charge to the outcoming fuel flow through the fuel-injector nozzle could be effective way to improve atomization quality [1] . Such method of atomization control seems promising and there are experimental and theoretical investigations of electrodynamic interaction of charged jets with electric field [2, 3] . It was shown that numerical methods are capable to adequately predict charged jet motion [4] . Atomization process is strongly dependent on the flow inside fuel-injector nozzle, thus such a flow should be thoroughly analyzed.
Liquid motion inside a fuel-injector nozzle is a particular case of swirling flows. Experimental investigations of such flows are widely presented in the literature, some of them are mentioned in [5, 6, 7] . It should be pointed out that swirling flow could be modeled under axisymmetric approximation assuming that flow is close to axisymmetric near inlet and entire geometry has axisymmetric shape. Also it is known [8] that flow from a swirler has turbulent structure. Therefore, mathematical model should have capabilities to resolve turbulent motion.
Due to significant computational expenses of LES and DNS methods, two-parameter turbulence models based on Reynolds-averaged Navier-Stokes equations could be used (see [8, 9] ). Comparisons with experimental data [9] as well as with simulation results obtained with the help of LES [8] have shown that two-parameter models adequately describe swirling flows. Usually different variants of k-model are applied as more frequently used and widespread model in engineering applications but in the case when fine resolution of boundary layer is required the k − ω SST model is more preferable. It is worth noting that, as shown in [10] , open-source computational code OpenFOAM are capable of obtaining both qualitatively and quantitatively correct solutions for both 3D and 2D axisymmetric flows.
Thus, in spite of slight discrepancy in prediction of radial component of velocity near axis of symmetry, two-parameter model under axisymmetric assumption correctly predicts flow structure near walls and axial velocity distribution and could be used in calculations. Open-source software OpenFOAM is a good alternative to the commercial CFD solvers and correctly and adequately predicts flow structure.
Electrohydrodynamic interaction could be taken into account by the means of electrostatic approximation (i. e. neglecting currents induced by magnetic field due to small value of that currents) for medium with low conductance, which includes liquid dielectrics, like fuel [11, 12] . Such approach is reasonable and is used in the presented paper for numerical modeling of electrohydrodynamic effects.
In the paper the results of the numerical simulation of the flow in fuel injector including electrohydrodynamic effects due to sharply inhomogeneous electric field are presented. The main aim of the simulation is to estimate carrying-out of the charge at the outlet as compared with charge injection from the active electrode. Due to complicated physical model including electrohydrodynamics the simulations were performed in axisymmetric model without swirling device. For accounting effects of the swirling nature of the incoming flow the additional simulation in 3D-model with swirling device but without electrohydrodynamics was performed and obtained velocity field behind the swirler was used for inlet boundary conditions in axisymmetric model.
Mathematical model and numerical method
Electrohydrodynamics equations for unsteady turbulent flow of isothermal dielectric fluid can be written as follows [12] :
Here V is the fluid velocity, ρ is the fluid density, p is the static pressure, τ is the stress tensor (both viscous and turbulent), q is the space charge density, E, φ are the electric field and electric potential, b i is the ion mobility, D Σ is the total diffusion coefficient (both for ions and turbulent), is the relative electric permittivity, 0 is the electric constant.
For Newtonian fluid and using Boussinesq approximation for Reynolds stresses the total stress tensor τ can be written in the following form:
where µ t is the turbulent viscosity, I is the tensor unit, k is the turbulence kinetic energy,Ṡ is the strain rate tensor. The total diffusion coefficient D Σ includes the ion diffusivity D i and the turbulent diffusivity written through turbulent Schmidt number Sc t :
The value of Sc t for ion transport is unknown and for its determining we use the analogy between ion transport and specie transport and choose Sc t = 0.9.
The boundary conditions for the fluid flow in numerical simulations are standard: the fluid velocity at the inlet, the pressure at the outlet and the no-slip condition at the walls. At the electrodes the values of electric potential are set. In the case of the charge injection into non-conducting fluid the injection current density should be specified on the surface of the active electrode and the condition of the charge loss should be set on the counter electrode. To describe the injection current, one can use the dependence of the Fowler-Nordheim equation kind
However, this condition can be rewritten in simpler linear form which is suitable for the used operating range of electric field:
The constants A 0 , B 0 , A and B should be specified from an experiment but there are no suitable experiments for the fluid of interest so the constants for the transformer oil were chosen. It should be noted that for the purposes of the investigation the precise constants values are not so valuable as far as we want to estimate carrying-out of the charge at the outlet as compared with charge injection from the active electrode.
For the boundary condition at the opposite electrode we assume that all charge is lost so:
For the turbulence we use RANS k − ω SST model [13] . For the numerical solution of the equation set (1) - (5) we use free and open-source package OpenFOAM 2.3 and unsteady pisoFoam solver in which the electrohydrodynamics equations were implemented. For the convective terms in all equation except momentum the first-order upwind scheme was chosen whereas for the momentum equation the second-order SFCD scheme was used. The time derivative in all equations is approximated with second-order backward scheme.
In all computations the following fuel parameters are used: ρ = 780 kg/m 3 , µ = 1.014 · 10 3 P a · s. For the electric parameters we use the next: = 2.2,
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3D simulation of flow through the injector swirling device
For the sake of possibility to simulate the swirling flow including electrohydrodynamics in axisymmetric model, the 3D simulation of the flow through the injector swirl device was performed and corresponding velocity inlet conditions for axisymmetric model were obtained. The simplified axisymmetric model is more suitable for parametric calculations including electrohydrodynamic effects in case of limited computational resources. Since used swirling device consists of three identical parts in azimuthal direction, the computational domain geometry can be simplified and considered as rotationally periodic with period of 120 degrees (see Figure 1) . Thus this is a sector of 120 degrees cut along injector axis, the side boundaries are rotationally periodic. A part of the axial swirling device is represented by the narrow channel which is located in such a way that the jet from it has both axial and azimuthal velocity components. The unsteady RANS simulation was performed and the averaged in time flow fields were computed. It should be noted that averaged in time solution is not fully axisymmetric but it becomes axisymmetric quite far from the swirling device. So averaging in azimuthal direction was also performed. As an example the azimuthally and temporal averaged velocity magnitude is presented in Figure 2 .
Obtained averaged velocity fields were used for extracting the profiles near swirling device outlet to employ its in axisymmetric model. The extraction section is located by 0.06 mm from swirling device outlet. In Figure 3 corresponding velocity profiles are shown. Analyzing the figure one can see that the axial velocity component is far from zero only in small region near Y = 2 mm and its distribution is close to normal. Thus we can suppose that the jet from a swirling device spreads only in small region near to Y = 2 mm. Azimuthal velocity component also has a peak near Y = 2 mm and looks like Gaussian. Radial velocity component is not equal to zero near Y = 2 mm but firstly it is smaller than other and secondly performed additional 
Numerical simulation of the flow in the axisymmetric model including electrohydrodynamic effects
The main aim of the axisymmetric simulation is to estimate carrying-out of the charge at the outlet as compared with charge injection from the active electrode. The domain geometry is presented in Figure 4 . Here the coordinate R is radial, Z is axial. The Z axis is the symmetry axis. The active electrode has the form of the needle with the tip curvature radius of 1 µm.
The opposite electrode has the curvature radius of 1 mm. Thus we have the electrode system close to the needle-plane type which is desirable for the unipolar charge injection only from one (active) electrode. The other boundaries shown in figure (except inlet and outlet) are the dielectric walls and we assume that its electric permittivity is big enough to ignore the electric field penetration into the walls. The velocity boundary condition at the inlet is specified by the profiles (11) and (12) . At the outlet the constant static pressure is posed. The electric potential at the active electrode is equal to 15 kV whereas the opposite electrode is neutral. At the active electrode the ion injection current density is specified according to (9) . At the opposite electrode the condition of the charge loss (10) is posed. The turbulence parameters at the inlet are set as follows: k in = 0.22 m 2 /s 2 , ω in = 20000 1/s. Computational mesh was built using the open source platform SALOME. It consists of about 10 5 cells (most of them are hexahedral) and has strong clustering in the region between electrodes and near the wall. Also the region near active electrode tip has the very fine mesh to predict better the electric field distribution. The mesh near electrode system is shown in Figure 5 .
The unsteady RANS simulation of the flow was performed using modified OpenFOAM solver pisoFoam in which the equations for the electric properties were added. For the convective terms in all the equations except momentum the upwind numerical scheme was used, for the momentum equation the SFCD scheme was used.
In Figure 6 the velocity components in the monitoring points as a functions of time are presented. The monitoring points were chosen as follows: point 1 -in the inlet domain near the axis (Z=1 mm, R = 0.1 mm), point 2 -in the channel below the second electrode (Z=5 mm, R = 2 mm), point 3 -near the outlet (Z = 14 mm, R = 0.5 mm). One can see that in the inlet region the flow is almost steady. The flow near the electrodes has strong twist (the Figure 5: The part of the computational mesh azimuthal velocity component is almost ten times more than axial). At the outlet the flow accelerates due to the channel narrowing.
The instantaneous velocity field are shown in Figure 7 . The jet from the inlet slows down quite fast and the flow has mostly small axial velocity but the azimuthal component is always big enough. We should note that some instabilities arise in the boundary layer along the second electrode and the following wall. The nature of these instabilities is not quite clear but it seems to be due to the centrifugal instabilities similar to Goertler-Taylor vortices [14] .
In Figure 8 the magnitude of the electric field and its lines are presented. One can see that the maximums of the electric field have place near the active electrode tip and near the dielectric corner. The electric field magnitude achieves the value of 3.86 · 10 8 V /m near the tip. Now let us consider the peculiar properties of the charge transfer (see Figure 9 ). Due to turbulent mixing the charge injected from the active electrode spreads over the all computational domain but the charge maximum is located near the active electrode tip; also the big charge concentration is observed near the second electrode.
As we noted above the model of charge injection from the active electrode is not enough accurate. So the main favor of the investigation is to determine the quantity of the charge which leaves the domain through the outlet as compared to the quantity of injected charge. So we can introduce relative charge current through the surface as:
where j inj is the injection current density averaged in time and j is the instantaneous current density through selected surface (active electrode, second electrode or outlet). In Figure 10 the relative current densities at the different surfaces as a functions of time are shown. One can observe that the quantity of carrying-out charge is big enough: it achieves about 80% of the charge injected. So we may conclude that suggested flow scheme is almost desirable. However such result can be connected with used RANS approach for turbulence modeling which is enough rough. So for the model verification the further investigations should be performed with different approaches including LES or hybrid LES/RANS.
Summary
Numerical simulations of the fuel flow through the fuel-injector nozzle with and without taking into account electrohydrodynamic interaction were perfomed. Based on the literature data analysis shows that the simulation method is quite adequate for modeling and for estimating of the electric charge carrying-out at the nozzle outlet. During the investigations the following results were obtained:
1. The 3D simulations of turbulent flow in the nozzle with regard to swirl (but without electrohydrodynamics) with the aim of obtaining the reference data when setting the input boundary conditions for axisymmetric calculations without swirling device (including Numerical simulation of the flow . . . Nagorny, Smirnovsky, Tchernysheff and Kolodyazhny electrohydrodynamics) were performed. It is shown that the velocity profiles directly behind the swirl can be approximated by the Gaussian curves.
2. The numerical calculation of the flow in the nozzle in the axisymmetric approximation taking into account the charge transfer was performed. It is shown that even when using this model, the flow is unsteady. Due to the intensive turbulent transfer the current density at the outlet reaches about 80
